Range profiles of 50-and 100-keV Si+ ions implanted into Si(100) at room temperature with doses from 2 X 10'6 to 1 X 10' ions cm, and of 2 X 10' 50-keV Si+ ions cm in Si(100) preimplanted with 50-keV Si+ ions with doses from 5 X 10' to 1 X 10' ions cm, have been studied with nuclear reaction techniques. The structural transformation of the samples was studied by Rutherford backscattering and channeling. The dependence of the range profile on the damage structure of the sample has been examined by comparing measured range profiles with those obtained in molecular-dynamics simulations. The dependence of the range profile on the polycrystalline sample structure is shown.
I. INTRODUCTION
Ion implantation of crystalline silicon (c-Si) is a key processing technique for precise doping in semiconductor technology. As device sizes in integrated circuits are decreased the need to understand processes that produce damage in c-Si during and after the ion implantation is emphasized.
Several techniques have been used to study the detailed structures of the complex ion-implantation-induced defects, for example electron paramagnetic resonance, ' infrared optical absorption, transmission electron microscopy, optical reAection spectroscopy, x-ray double crystal diffractometry, Raman spectroscopy, slow positron annihilation, and Rutherford backscattering spectrometry (RBS)/ion channeling. An annealing process that occurs during ion irradiation has been reported by many authors to be effective on already existing damage. ' ' As a result silicon surface layers, rendered amorphous by high dose ion implantation have been known to reorder as a polycrystalline network under some implantation conditions. "'
The aim of this study was to continue our work on slowing down and damage formation in self-ion implantation of c-Si. ' ' Now we focus on the study of slowing down in strongly damaged silicon caused by very high dose implantation. In spite of the fact that the damage structures have been extensively studied in the literature, ' ' ' ' there is to our knowledge no studies on the effect of the damage structure of the sample on the slowing down and range of keV Si ions in ion implanted c-Si.
II. EXPERIMENTAL PROCEDURE
Samples were prepared at the isotope separator of the laboratory by implanting Auences of 2 X 10' 50-keV Si+ ions cm, 1 X 10' 100-keV Si+ ions cm, and 5 X 10' to 1 X 10' 50-keV Si+ ions cm into n-type Si(100) slices (Czochralski grown, doped uniformly by P to a resistivity of 2.5 -3.5 A cm) at room temperature. 'P reac- tion at E"=620 keV. The proton beams of about 1 p, A were supplied by the 2.5 MV Van de Graaff accelerator of the laboratory. The resolving power of the beam, typically 400 eV, was determined at the 620 keV resonance with an unimplanted c-Si sample containing 3.1 at. % of the isotope Si. It corresponds to the depth resolution of about 5 nm at the surface. The beam was focused to a spot of 3 X 3 mm . Effects associated with the probing proton beam were controlled by repeating each measurement twice at each beam spot. The y radiation was detected in a 12.7 cm (diameter) X 10.2 cm NaI(TI) crystal shielded against the background radiation by 5 cm of lead.
The crystallinity of the implanted samples was determined by RBS and channeling of 2.0-MeV He+ ions from the 2.5 MV Van de Graaff accelerator of the laboratory. The angular divergence of the incident beam was less than 0.02 . Backscattered particles were analyzed with a 50 mm Si(Li) detector located at 155' with respect to the incident beam at a distance of 65 mm from the target. The resolution of the detector was 16 keV for the backscattered n particles. The samples were mounted on a precision goniometer, and the beam was aligned with respect to the (100) axis. ' ' This suggests that growth of the damaged layer is contributed to by migration of vacancies to the interface between the damaged region and c-Si and trapping there. For instance, Holland et al. ' and Kase et al. ' report that silicon amorphizes at room temperature at a dose of about 5 X 10' atoms cm while Prunier et al. ' report that the temperature must be lower than 300 K to obtain amorphization. The differences in this case are probably due to differences in implantation dose rates and heat conduction conditions in the wafer holder. Also, we believe some confusion may result from the common practice to call structures where an RBS/channeling profile is close to the random level amorphous without doing a more detailed investigation of the actual structure. In fact an RBS profile resembling the random spectrum may well result from for instance a polycrystalline sample structure.
In general, there is fairly good agreement that silicon gets strongly damaged at a dose between 10'" and 10' atoms cm at room temperature, ' ' ' ' in good agreement with our RBS results which show strong damage growth at a dose of 2 X 10' atoms cm (Fig. 2) .
At higher implantation doses (close to or higher than 10' atoms cm ), recrystallization is known to occur at temperatures higher than room temperature. ' ' Some authors' ' have reported ion beam annealing at room temperature, but Cannavo et al. report that the beam annealing effect disappeared when a good thermal contact between the sample and the sample holder was employed during implantation.
Our implantations were performed with a sample holder which was in good thermal contact with the implanted samples, whence recrystallization effects were not to be expected.
Damage production is also known to be affected by the implantation dose rate (beam current). For otherwise equal implantation conditions the amount of damage grows' ' (or the recrystallization rate decreases ) with increasing dose rate. Holland et al. report that the onset of strong damage occurs at doses somewhat below 5 X 10' atoms cm in the dose rate range between 1 and 100 p, A cm, in good agreement with our RBS results.
B. X-ray and resistance measurements
The samples were also studied using x-ray facilities in the Physics department at the University of Helsinki. The (400), (422), and (311) reilections were measured for all the samples using a double-crystal diffractometer, Cu K -radiation, and nondispersive (+, -) arrangement. The rocking curves were broader than the corresponding Darwin curves due to slightly dispersive geometry. Therefore, one unimplanted crystal was studied, too. Each rocking curve had a higher tail than the reference curve at the low angle site and the magnitude of the tails increased with the implantation dose. The (400) rocking curves showed clearly stronger tails than the (422) and (311) rocking curves suggesting that the implantation generates stronger lateral than vertical strain fields. Thus the lattice spacing Adld has changed more along the normal of the surface than along the plane of the surface. This agrees with other studies where lattice expansion or compression is observed.
The resistivity of three implanted samples was determined using a two-point probe by measuring the resistance through the sample wafers at several different locations. For the samples implanted with 1 X 10', 4 X 10', and 5 X 10' In simulations of crystalline materials realistic thermal displacements of the atoms were obtained by simulating thermal movement at 300 K for 200 fs prior to the implantation simulations. Because the coordinates of the a-Si structure were taken from ab initio calculations it was not necessary to equilibrate the a-Si MD cell.
In every simulation run the trajectories of about 5000 incident Si atoms were followed until they had slowed down to a cutoff energy of 1 eV.
For the comparison with the measured Si distributions, the calculated range profiles were convoluted with the natural width of the resonance, the energy resolution of the proton beam, and the width of the energy-loss distribution for protons after traversing in Si. In the numerical convolution we used a Gaussian function which approximates well Vavilov's ener y straggling distribution. ' We have observed earlier' that the energy straggling of protons calculated according to the Bohr model had to be multiplied by 0.9.
The simulated 50-keV and 100-keV Si distributions are shown in Fig. 6 along with the experimental NRB results.
The range profiles for amorphous silicon are fairly near a Gaussian profile, whereas the profiles for c-Si show a distinct tail due to channeling effects.
The comparison of the simulated range profiles with the experimental ones shows that the slowing down of Si ions has taken place in Si which is neither c-Si nor a-Si. The shapes of the experimental and simulated 100-keV range profiles are qualitatively very similar to their 50-keV counterparts, indicating that the implantation energy does not have a major effect on the final sample structure.
D. Range simulations for polycrystalline and other structures
Literature results indicate that silicon may reorder to a polycrystalline structure during very high-dose (~10' ions cm ) ion implantation. " The measured RBS/channeling results of our samples are similar to RBS spectra of polycrystalline silicon (poly-Si) reported in the literature. large z values, which can be readily understood to be due to the possibility of long-range channeling in the grains deep in the sample.
For grain sizes larger than about 30 nm the choice of the maximum angle between domains, 5 0 ", was not found to affect the range distribution significantly. Both the 50 and the 100 keV experimental range distributions were well reproduced with a polycrystalline sample structure with domain sizes larger than 10 nm; see Fig. 7 . The best fit was obtained with a grain size of 50 nm, regardless of the choice of 5 0,".If the orientation of the (100) axis of the first grain was selected to be less than about 7' deflected from the beam orientation, longer ranges were obtained due to channeling effects in the first grain. Thus all the experimental and simulation results are consistent with a polycrystalline sample structure with an average grain size of roughly 50 nm, where the (100) axis of the grains deviates somewhat from the (100) axis of the bulk silicon underlying the damaged layer. This does not rule out the possibility that the damage is of a more complex charac-
ter. An attempt to reproduce the experimental profile was made by simulating ranges in sample structures where parts of the structure was amorphous and other parts crystalline. No combination of amorphous-crystalline layers was found that reproduced well the experimental range profile.
V. CONCLUSIONS
In this work the effects of very high dose self-ion implantation on the structure of the implanted c-Si sample have been studied using NRB and RBS/channeling measurements. A method for calculating ion ranges based on MD simulations was employed to analyze the experimental results. The effect of the sample structure on the simulated range profiles was examined.
The range measurements of 50-keV Si ions in c-Si by NRB and the crystallinity measurements of the samples by RBS/channeling over the dose range from 10' to 10' ions cm show that the structure of the implanted sample does not change at doses 2 X 10' to 10' ions cm . Range measurements of 100-keV Si ions showed that the ion energy is not a critical parameter with respect to the damage structure.
Furthermore, the experimental range results along with the MD simulations showed that the sample is strongly damaged but not amorphous and that the damaged region grows 
